worse overall survival, controlling for stage at initial diagnosis, disease-free survival, and stage at first recurrence [HR = 2.09 (95% CI 1.24-3.54), p = 0.006]. Conclusions: Our results demonstrate the prognostic relevance of tumor proliferation in recurrent melanoma patients. Data also support restratification of risk assessment upon recurrence that considers tumor biology in addition to clinical variables evaluated as part of the standard of care.
Previous studies evaluating prognostic factors of survival at recurrence have focused on primary tumor characteristics and first recurrence clinical variables [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . While the prognostic relevance of primary tumor characteristics in recurrent melanoma patients remains unclear [4, 6, 7, 10, 12, 13] , the general consensus is that clinical variables present at recurrence have prognostic value [4] [5] [6] [7] [8] [10] [11] [12] [13] [14] . Few studies, however, have investigated the prognostic relevance of tumor characteristics at recurrence [15, 16] despite their key role in defining prognostic subgroups at primary diagnosis. The importance of examining tumor proliferation has been underscored by the addition of mitotic rate to the 7th edition of the American Joint Committee on Cancer (AJCC) melanoma staging system [2] .
Compared to mitotic rate, the expression level of nuclear antigen Ki-67 may be a better assessment of proliferation since Ki-67 is expressed in mitosis as well as during the G1, S, and G2 phases of the cell cycle in proliferating cells [17] . Ki-67 expression has also been shown to have prognostic value in other cancers (most notably in breast cancer) [18] [19] [20] [21] [22] [23] . In breast cancer, Ki-67 expression is a prognostic factor of overall survival, but like HER2 receptor status it has not been universally applied to the clinical management of patients pending further validation [18] . In the current study, we investigated the prognostic relevance of the proliferative index of the recurrent melanoma in a cohort of patients with prospective clinical follow-up.
Methods

Study Population
Recurrent melanoma tissues were obtained from patients prospectively enrolled in the Interdisciplinary Melanoma Cooperative Group (IMCG) at New York University (NYU) Medical Center between August 2002 and June 2008 [24] . Demographic and clinicopathologic data were recorded prospectively, and all patients were followed through February 2010. This study was approved by the Institutional Review Board at the NYU School of Medicine (IRB No. 10362), and informed consent was obtained from all patients at the time of enrollment.
Clinicopathologic Variables
Baseline variables, including age at primary diagnosis, gender, and stage at initial diagnosis, were collected. Stage at initial diagnosis was included in the analysis to control for the effect of primary tumor characteristics. The following clinical variables at recurrence were analyzed: disease-free survival (date of initial diagnosis to date of first recurrence), stage at first recurrence, total number of recurrences, lactate dehydrogenase (LDH) level at first recurrence, and Eastern Cooperative Oncology Group (ECOG) performance status at first recurrence. To ensure uniform collection of LDH levels, only lab results from NYU were utilized. Values above 618 U/l (normal reference range 313-618 U/l) were considered high.
Assessment of Ki-67 Expression
Immunohistochemistry was performed using mouse anti-human Ki-67 clone 30-9 (Ventana Medical Systems, Tucson, Ariz., USA) on formalin fixed, paraffin-embedded tissue specimens from patients undergoing metastasectomy for surgically accessible recurrent lesions or from patients who had already undergone metastasectomy within the past 6 months for recurrence with no systemic intervention prior to surgery. Recurrent tissue was obtained from the site of first recurrence when possible. In brief, sections were deparaffinized in xylene (3 changes), rehydrated through graded alcohols (3 changes, 100% ethanol; 3 changes, 95% ethanol), and rinsed in distilled water. Heat-induced epitope retrieval was performed in 10 m M citrate buffer, pH 6.0, for Ki-67 for 20 min in a 1,200-watt microwave oven at 90% power. Sections were allowed to cool for 30 min and then rinsed in distilled water. Antibody incubations and detection were carried out at 37 ° C on a NexES instrument (Ventana Medical Systems) using Ventana's reagent buffer and detection kits unless otherwise noted. Ki-67 was applied neatly and incubated for 30 min. Primary antibodies were detected with Ventana's biotinylated goat anti-mouse secondary antibody followed by streptavidin-horseradish-peroxidase conjugate. The complex was visualized with Naphthol-AS-MX phosphatase and Fast Red complex. Slides were washed in distilled water, counterstained with hematoxylin, dehydrated, and mounted with permanent media. Appropriate positive and negative controls were included with the study sections.
Blinded to patients' clinical data, an attending pathologist (H.Y.) scored Ki-67 expression by the percentage of positivelystained tumor cells on a continuous scale of 1-100. In tumors with focal regions of immunoreactivity, representative averages of positively-stained melanoma cells were recorded. After the scoring of Ki-67 expression in the recurrent tissue, values were categorized as ^ 25% (low expression) or 1 25% (overexpression). Since there is no validated cutoff value, ours was set at 25% as it was previously shown to identify rapidly proliferating tumors [25] and as it was both the mean and the median percentage of Ki-67 expression in this study.
Statistical Analysis
Complete-case univariate analysis evaluating overall survival was performed for each variable, excluding unavailable data. For binary variables, the estimates of the survival curves were computed using the Kaplan-Meier method, and the differences of these curves were tested with a logrank (Mantel-Haenszel) test. A multivariate Cox proportional hazards regression model was then fitted using the regressors significant on univariate analysis with the most clinical applicability. Hazard ratios (HR) with corresponding 95% confidence intervals (CI) are reported. All p values reported are 2-sided, with statistical significance evaluated at the 0.05 alpha level. A percentage agreement test in 2 variables calculated the coefficient of concordance. All analyses were performed in R, a language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria).
Results
264 recurrent melanoma patients were identified in the IMCG database. Fifteen (6%) patients with incomplete follow-up were excluded. Of the remaining 249 patients, 114 had recurrent tumor specimens available for analysis, and 108 of these (95%) were from the site of first recurrence. There was no difference in baseline characteristics (age at primary diagnosis, gender, primary tumor thickness, ulceration, mitotic rate, histological type, and anatomic site) between the patients with available recurrent tissue and those who did not have accessible recurrent tissue ( table 1 ) . It is important to note that 18 patient-matched pairs of primary tumors and first recurrence tissues were obtained to examine concordance of Ki-67 expression, but the small sample size prohibited further analysis.
The median age at recurrence in the group of 114 patients with available recurrent tissue was 62. There were 63 males and 51 females. The majority of patients recurred at stage III (n = 80, 70%). Twenty-one (18%) patients had an unknown primary. The median follow-up time from the date of initial diagnosis to the date of last follow-up was 3.9 years. The median follow-up time was 1.6 years from the date of first recurrence to the date of last follow-up. Forty-six (40%) patients were alive at last follow-up, and this group had a median overall survival of 5.7 years. The remaining 68 (60%) patients died during the follow-up period, and 66 of these patients died of melanoma. The median overall survival of the whole cohort was 3.9 years, with a 5-year survival rate of 38%.
Patients Whose Recurrent Tumors Overexpressed Ki-67 Had a Shorter Median Overall Survival
All clinicopathologic variables assessed in this study were predictive of overall survival in our cohort of recurrent melanoma patients ( table 2 ). The median overall survival was significantly reduced in patients with advancedstage melanoma at initial diagnosis (stage IV vs. stage I, 0.7 and 9.7 years, respectively; p ! 0.001), in patients with a shorter disease-free survival ( ! 1 year vs. 1 3 years, 2.5 and 10.8 years, respectively; p ! 0.001), in patients with stage IV disease at recurrence (stage IV vs. stage III, 2.9 and 7.9 years, respectively; p = 0.001), in patients with 6 3 recurrences ( 6 3 vs. 1, 3.0 years vs. insufficient number of deaths to determine median survival, respectively; p ! 0.001), in patients with a high LDH level at first recurrence (high vs. normal, 1.5 and 6.9 years, respectively; p = 0.03), and in patients with a worse ECOG status at first recurrence (1-2 vs. 0, 1.7 and 10.2 years, respectively; p ! 0.001).
Patients whose recurrent tumors overexpressed Ki-67 also had a shorter median overall survival (high vs. low Ki-67 expression, 3.6 and 9.5 years, respectively; p = 0.03) ( fig. 1 a) . High Ki-67 expression was seen in 57 (50%) of the 114 recurrent tissues. Fifty-three (93%) of the 57 cases were from the site of first recurrence (39 locoregional and 14 distant). Recurrent tissues with low Ki-67 expression were similarly distributed ( table 3 ) . A representative case of Ki-67 overexpression is displayed in figure 1 b, c. A negative metastatic lymph node specimen illustrates a representative case of low Ki-67 expression in which a mitotic figure and a germinal center serve as internal positive controls ( fig. 1 d, e) .
A High Proliferative Index in Recurrent Melanoma Is Independently Associated with Worse Survival
Stage IV at initial diagnosis, a shorter disease-free survival, stage IV at first recurrence, and a high proliferative index in the recurrent tumor were independently associated with worse overall survival ( table 4 ). Compared to patients with stage I melanoma at initial diagnosis, those with stage IV melanoma had a shorter overall survival (HR = 15.64, p ! 0.001). Both a disease-free survival greater than 3 years and one lasting 1-3 years were significantly associated with improved overall survival when compared to a disease-free survival of less than 1 year (HR = 0.15, p ! 0.001; HR = 0.45, p = 0.02, respectively). Patients with stage IV melanoma at first recurrence had a much worse prognosis than those who recurred at stage III (HR = 2.81, p ! 0.001). High Ki-67 expression in the recurrent tissue was an independent predictor of reduced overall survival (HR = 2.09, p = 0.006). P ercentages do not sum to 100 due to rounding numbers. Includes patients with recurrent tissue from the site of first recurrence only. 
Discussion
Our results underscore the importance of obtaining recurrent melanoma tissue to assess survival probability in recurrent patients. The evolution of tumor biology may underlie the predictive value of a longer disease-free survival in recurrent melanoma patients. First recurrences within 1 year of the primary diagnosis may be more likely to reflect the biological characteristics of the original lesion, whereas the phenotype of a recurrent tumor appearing after an extended period may diverge. Phenotypic changes between the primary and the recurrent tumor have been noted in breast cancer [26, 27] , emphasizing the importance of investigating both clinical and pathologic variables at recurrence. In the current melanoma paradigm, however, staging at recurrence is based on clinical and radiologic evaluations, such as the LDH level and findings on CT/MRI/PET imaging. Recurrent melanomas are therefore not routinely biopsied, limiting the amount of tissue available for evaluation.
Our data support the prognostic relevance of recurrent tumor proliferation in melanoma patients. Two studies have previously evaluated the prognostic value of Ki-67 expression in recurrent melanoma [28, 29] . The small sample sizes in these 2 studies (n = 12 [28] and n = 60 [29] ) and the lack of control for first recurrence clinical variables, however, limit the applicability of the results. The limited availability of recurrent tissue likely contributes to the paucity of melanoma studies investigating the prognostic role of Ki-67 expression at recurrence. Instead, the focus has been on the predictive value of primary tumor Ki-67 expression [30, 31] , and studies of both thin and thick melanomas have shown a high Ki-67 score to be an independent predictor of reduced overall survival controlling for mitotic rate [30, 31] . Studies of Ki-67 expression in other cancers have similarly concentrated on evaluating its prognostic value at primary diagnosis [19] [20] [21] [22] [23] . Two studies in colorectal cancer, however, investigated the prognostic relevance of Ki-67 expression in metastatic tissue from the liver, and both demonstrated that a high Ki-67 score independently predicted worse overall survival [32, 33] .
An examination of the tissue is especially relevant in melanoma patients with an unknown primary as the prognosis of this group remains unclear. Some studies report improved survival while others find no difference or even decreased survival compared to matched counterparts with known primaries [34] [35] [36] [37] [38] . A more robust immune response is thought to underlie the better prognosis of patients with melanoma from an unknown primary since these melanomas may represent metastases from regressed lesions and regression is mediated by host immunity. Of the patients in this study with an unknown primary, half of those alive at last follow-up had received immunotherapy (data not shown). In this regard, a recent study by our group [15] demonstrated that an assessment of immune response in the recurrent tissue significantly improved the ability of the current staging system to predict survival in recurrent patients. In particular, a high CD3 count, increased tumor infiltrating leukocytes, and a specific immune response gene signature were all predictive of prolonged survival. The predictive value of the recurrent melanoma mitotic index was also evaluated in this study, and a high mitotic index of the recurrent melanoma was shown to be predictive of reduced survival. Moreover, compared to the 3 aforementioned parameters, the mitotic index of the recurrent tumor was the most significant predictor of survival [15] . Recurrent tumor proliferation has therapeutic implications as well. The Ki-67 index has been shown to be predictive of the immunochemotherapy response in metastatic renal cell carcinoma [39] ; therefore, Ki-67 expression in recurrent melanoma may also prove to be similarly predictive. Rapidly proliferating cells are the most frequent target of anti-melanoma treatments as uncontrollable growth is one of the hallmarks of cancer. Melanoma, however, is notoriously chemoresistant [40] , and currently available immunotherapies have limited clinical efficacy. A subpopulation of slowly proliferating tumor cells may serve as a continual source of renewal and play a role in non-responders. Recurrent melanomas with a low proliferative index may have an expanded popu lation of these slowly cycling cells, which were recently identified in melanoma cell lines in culture as being characterized by the expression of JARID1B [41] . JARID1B+ melanoma cells not only cycle more slowly but they are also more tumorigenic. Novel therapeutic approaches are therefore needed, combining anti-melanoma drugs which target this subset of slowly proliferating cells and traditional regimens which debulk the tumor of rapidly cycling cells. Chemoresistance in melanoma may be mediated by one of many intrinsic anti-apoptotic mechanisms as well, which in turn affects the relative contribution of proliferation and apoptosis to melanoma progression. NF-B inhibits both the intrinsic and the extrinsic apoptotic pathways [40] , and it is a downstream effector of the RAS/ RAF/MAPK cascade, which is constitutively activated in the majority of melanomas [42, 43] . Constitutive signaling through this pathway results from activating mutations of the oncogene NRAS or BRAF, both of which are common in melanoma [42, 43] . Mutations in the tumor suppressor gene p53 occur less often, but a downstream target of p53, namely apoptotic activator 1 (Apaf-1), is frequently inactivated in melanoma, impairing p53-induced apoptosis and thus the chemotherapy response [40, 44] .
Conclusions
High Ki-67 expression in recurrent melanoma is predictive of worse overall survival. Our data therefore demonstrate the clinical relevance of assessing tumor biology at recurrence in addition to standard of care variables.
